Abstract. HD is a progressive genetic neurological disorder, characterized by motor as well as cognitive impairments. The gene carrying the mutation causing Huntington's disease (HD) is not brain specific, and there is increasing evidence for peripheral, as well as brain pathology in this disorder. Here, we used in vivo and ex vivo techniques to assess the cardiac function of mice transgenic for the HD mutation. Using magnetic resonance imaging (MRI) of the beating heart, we show that abnormalities previously reported in end-stage mice are present by mid-stages of the disease. We also found abnormalities that have not been hitherto reported, including changes in cardiac efficiency and a mechanical distortion of the beating heart. Using the Langendorff preparation, we show reduced coronary blood flow, impaired myocardial contractility and reduced left ventricular developed pressure in HD mouse hearts. Together, our findings suggest that there is significant pathology of the HD mouse heart, even by mid stages of disease. Previous clinical research has demonstrated that the risk of cognitive symptoms increases markedly in patients with heart failure. R6/2 mice show significant progressive cognitive abnormalities, so we hypothesize that cardiac pathology in the R6/2 mouse may contribute, not only to their progressive decline and death, but also to their cognitive dysfunction. We suggest that closer attention should be paid to cardiovascular symptoms in HD patients.
INTRODUCTION
Although Huntington's disease (HD) is unequivocally a neurological disease, the HD gene is ubiquitously expressed, and the protein is found in most peripheral tissues including skeletal muscle, liver and heart [1] . Inclusions appear in all of these tissues, with number of inclusions increasing as the course of the disease progresses [1] . However, the functional consequence of pathology in peripheral tissues remains completely unknown.
There is a growing body of evidence, both direct and circumstantial, for cardiac dysfunction in HD. For instance, cardiac failure is a major cause of death in HD patients [2] [3] [4] [5] . In pre-manifest and early HD patients, subtle abnormalities of autonomic control of the cardiovascular system have been reported [6, 7] . These progress in range and magnitude as the disease advances [7, 8] . Furthermore, it has been shown that there is dysfunctional cardiac circadian control in HD mouse models [9, 10] . Collectively, the data suggest that cardiac abnormalities represent peripheral manifestations of the HD phenotype that may have significant implications for both morbidity and mortality. Cognitive function is progressively impaired in HD. However, despite the emerging link between HD and cardiovascular dysfunction in humans, investigation of cardiac function in animal models of HD has been comparatively neglected. Only one comprehensive study has been performed using HD mice, in which the authors reported evidence for severe cardiac failure in R6/2 mice at end-stage of disease [11] . Since chronic heart failure is an important risk factor for cognitive impairment [12] [13] [14] , we hypothesize that progressive cardiac failure may potentiate the inevitable cognitive dysfunction in HD patients.
Here, we investigated cardiac function in R6/2 mice at mid-symptomatic stages of disease. We used R6/2 mice with a CAG repeat of 250 that typically live to around 24 weeks of age. We used MRI to visualize the functional consequences of cardiac abnormalities in R6/2 HD mice and to determine heart rate (HR), end diastolic volume (EDV), end systolic volume (ESV), stroke volume (SV), cardiac output (CO) and ejection fraction (EF) at earlier stages of the disease progression. We also used the isolated Langendorff preparations of the R6/2 mouse heart for detailed assessment of systolic and diastolic function.
MATERIALS AND METHODS
All components of this study were carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986, and with the approval of the University of Cambridge Ethical Review Panel.
Animals
Mice were taken from a colony of R6/2 transgenic mice [15] established in the Department of Pharmacology, University of Cambridge, and maintained by backcrossing onto CBA × C57BL6N F1 female mice. Genotyping and CAG repeat length measurement were carried out by Laragen (Los Angeles, CA, USA) as described previously [16] . The transgenic mice used in this study had a mean CAG repeat length of 242 ± 1 (range 237-251). Mice were kept in home cages comprising single sex, single genotype groups of five (MRI mice) or 10 (Langendorff preparation mice). All of the mice lived in an enhanced environment with increased amounts of bedding and nesting materials. Clean cages were provided twice weekly with grade 8/10-corncob bedding, and finely shredded paper for nesting. The mice were maintained on a 12:12 hour light/dark (LD) cycle, at a temperature of 21-23 • C and a humidity of 55 ± 10%. The mice had ad libitum access to water (using water bottles with elongated spouts) and dry laboratory food (RM3(E) rodent pellets, Special Diet Services, Witham, UK). In addition, once a day, a mash was prepared by soaking 100 g dry food in 230 ml water until the pellets were soft and fully expanded. The mash was placed on the cage floor, improving access to food and water for the R6/2 transgenic mice. This feeding regime has been shown previously to be beneficial [17] .
Magnetic Resonance Imaging (MRI)
Ten R6/2 mice (5 male, 5 female) and 10 littermate WT mice (5 male, 5 female) were scanned at 13.2 weeks (range 12.9-13.7 weeks) and 16.5 weeks (range 16.1-16.9 weeks). One R6/2 mouse died in the interim period, so this mouse was excluded from all subsequent analyses.
Anaesthesia was induced and maintained with gaseous isoflurane (1.5-2% in 1l/min O 2 ). A pressure sensor for respiration rate was used to monitor anaesthesia depth and adjust isoflurane rate to maintain consistency between animals (in the range 20-35 breaths per minute). Gating of the MRI sequences was achieved prospectively with ECG recording. In order to minimize scan time, we kept respiration and heart rates constant for each animal by altering anaesthesia levels. Since heart rates were artificially manipulated, they are not presented in the Results. Body temperature was measured with a rectal thermometer and a flowingwater heating blanket was used to regulate temperature throughout the experiment.
Imaging was performed at 4.7 Tesla with a Bruker BioSpec 47/40 system (Bruker Inc. Ettlingen, Germany). A birdcage coil of 12 cm was used for signal excitation and animals were positioned prone over a 2 cm surface coil for signal reception. After initial localization images, a 4-chamber view was acquired (FLASH, TR/TE 8 ms/2.8 ms, 20-25 frames, 2.56 cm FOV, 256 matrix, 1.5 mm slice thickness, bandwidth 70 kHz, flip angle 30 • , NEX 8). Using this scan as a reference, short axis slices were arranged perpendicular to the septum to cover the left ventricle (LV). To improve contrast between the blood and the myocardium, saturation slices were placed over the pulmonary veins/left atrium for a black-blood sequence (FLASH, TR/TE 10.9 ms/2.8 ms, 15-18 frames, 2.56 cm FOV, 256 matrix, 1.1 mm slice thickness, bandwidth 70 kHz, flip angle 20 • , NEX 6). Full LV coverage was achieved with no slice gap with 6-8 slices. Depending on the heart rate of the animal, total scan time ranged from 35 to 135 minutes.
MRI cardiac measures
Delineations of the left ventricle (LV) were made at each phase of the cardiac cycle, including the papillary muscles throughout. The regions from each slice were combined using Simpson's rule to provide end systolic volume (ESV) and end diastolic volume (EDV) using Segment v1.9 [18] . Systolic volume (SV) is the difference between these, and the ejection fraction (EF) is the ratio of SV to EDV. Cardiac output (CO) was calculated as the product of mean HR throughout the MRI examination with SV. All hearts were analysed by a single reviewer blind to genotype. To assess intrareviewer repeatability, hearts (3 WT and 3 R6/2) were randomly selected for repeated segmentation of the LV.
MRI assessment of cardiac shape and motion
In viewing the MRI cine frames as a movie, we observed that the R6/2 hearts appeared to have a different shape during contraction, in particular, that there was some bending of the LV.
To assess this, we conceived a simple measure of 'bending' of the left ventricle. We fitted three lines to the centroids of delineated LV blood pool regions. The first line was the best fit to the centroids of each slice to determine the 'midpoint' of the LV. Two further lines were found as the best fits to the slices above and below this midpoint respectively. The metric we considered is the angle made between these lines. An increase in the angle between lines of best fit in the upper and lower parts of the left ventricle indicates cardiac distortion. All hearts were analyzed by a single reviewer blind to genotype.
Isolated perfused heart (Langendorff) preparations
Seven male R6/2 mice and seven male littermate WT mice (16 weeks of age) were killed by CO 2 inhalation and posterior cervical dislocation. After recording of body weight and crown rump length (CRL), a thoracotomy was performed and the heart was rapidly excised and immediately placed into ice-cold Krebs-Henseleit bicarbonate buffer. The heart was then cannulated via the aorta and perfused through the coronary arteries whilst lung, mediastinal, and peri-cardiac brown adipose tissue were excised. A pulmonary arteriotomy was also performed. Hearts were perfused at a constant pressure of 75 mmHg [19] . A small flexible non-elastic balloon was inserted into the left ventricle through the left atrium. The balloon was filled with deionized water and attached to a rigid deionized water-filled catheter connected to a calibrated pressure transducer (Argon Medical Devices, Texas, USA). The volume of the balloon was adjusted by injection of deionized water with a 100 L 'Hamilton' syringe to obtain recordings of left ventricular end diastolic pressure between 5-10 mmHg during the initial 15 min of stabilization, after which it was not adjusted further [19] . A re-circulating Krebs-Henseleit bicarbonate buffer solution containing (mM.L −1 ) 120 NaCl, 4. The maximum and minimum first derivatives of the left ventricular pressure (dP/dt max and dP/dt min ) were calculated automatically using an M-PAQ data acquisition system (Maastricht Programmable AcQuisition System, Netherlands). Basal coronary flow rate (CFR) was calculated by timed collections of perfusate effluent volume from the pulmonary incision [20] .
Statistical analysis
Data are expressed as mean ± S.E.M. Langendorff data were compared statistically by the Student's t test for unpaired data. MRI data were analyzed by repeated measures ANOVA, except where specifically mentioned in the Results. Statistical significance was accepted when p < 0.05. Analyses were conducted using SigmaStat 3.5 (SPSS Inc., Chicago, USA), or MATLAB (MathWorks, Natick, MA, USA).
RESULTS

Biometry
Relative to WT mice, 16 week old R6/2 mice had significantly lower body weight and ponderal index (body weight/crown rump length 3 ), but the crown rump length was unchanged (Table 1) . R6/2 mice also had significantly lighter hearts, whether expressed as the absolute weight of the whole organ, or as the left and right compartments (Table 1) . However, the change in heart mass relative to body weight was not significantly different between genotypes (Table 1) .
Langendorff preparation
When compared to WT mice, 16 week old R6/2 isolated mouse hearts showed lower left ventricular developed pressure (LVDP), impaired myocardial contractility (dP/dt max ) and relaxability (dP/dt min ; Fig. 1) , with reduced coronary flow rate but no change in basal heart rate ( Table 1 ). There was a trend for left ventricular end diastolic pressure (LVEDP) to be increased in R6/2 mice compared to WT mice, but this did not reach statistical significance (Fig. 1) .
Magnetic resonance imaging
At 13 weeks of age, end diastolic volume (EDV) and end systolic volume (ESV) were reduced by 17 ± 4% (p < 0.002) and 28 ± 9% (p < 0.02) respectively, in R6/2 compared with WT mice (Table 2) . By 16 weeks, abnormalities increased to 37 ± 7% (p < 0.00001) and 53 ± 11% (p < 0.00001), respectively ( Table 2) . A paired Student's t-test of values for EDV (p < 0.002) and ESV (p < 0.04) between 13 and 16 weeks confirmed that the genotype difference was progressive. Measures of stroke volume (SV, 9 ± 5%, p = 0.24) and cardiac output (CO, 11 ± 7%, p = 0.22) at 13 weeks of age revealed non-significant reductions in R6/2 compared with WT mice (Table 2) . Ejection fraction showed a non-significant increase at 13 weeks (EF, 10 ± 5%, p = 0.19). By 16 weeks of age however, SV and CO became significantly reduced in R6/2 compared with WT mice (SV, 26 ± 6%, p < 0.0001; CO, 31 ± 7%, p < 0.0005; Table 2 ), while EF was increased in R6/2 mice (18 ± 5%, p < 0.005; Table 2 ).
Visual inspection of the MRI images revealed that R6/2 hearts were smaller than WT hearts (Fig. 2) , and had marked visual differences in the cardiac cycle (Video S1). Video recordings of the beating hearts suggest that hearts from R6/2 mice have a distorted shape during contraction relative to WT mice. Measurement of LV bending (a quantitative measure of cardiac distortion; Fig. 3 ) revealed no difference between genotypes at 13 weeks, but by 16 weeks the bending angle in R6/2 mice was significantly greater than in WT mice (p < 0.05, Table 2 ). An additional finding, and one that requires further investigation, is the appearance of 'adhesions' of the apex through the pericardium in the images from all 16 week old R6/2 mice (Fig. 4) . These phenomena were not seen in 13 week old R6/2 or WT mice at either age. Repeated measurements of EDV were within 7% (mean absolute difference). For comparison, the standard deviation of EDV amongst WT mice is 10%, and the difference between groups at the second time point in EDV is 40% of the WT value so variability in drawing of regions cannot explain the differences found.
DISCUSSION
In vivo MRI and ex vivo isolated Langendorff investigation of R6/2 mice hearts showed that compared to WT mice hearts they have significant differences in both morphology and function, and that these differences increase in severity as HD progresses. Data from both the MRI and the Langendorff isolated heart preparation show that R6/2 mice are less able to generate left ventricular pressure, with significant impairment of myocardial contractility and relaxability. The cardiac phenotype is typical of weak and stiff hearts [19, 21] . R6/2 mice also show a significantly lower coronary flow rate, indicating reduced coronary reserve and thereby increased susceptibility to ischaemic heart injury [22] .
The reduced body weight and decreased ponderal index of R6/2 mice relative to WT controls confirms that HD mice are disproportionally thin for their length. This is consistent with the adult-onset loss of body weight and atrophy of skeletal muscle that has been well described [23, 24] . In contrast, the in vivo and ex vivo cardiac morphology data suggest that the reduction in size of the hearts of R6/2 mice is proportional to the overall reduction in body weight. The phenotype in R6/2 mice develops quickly, and mice with ∼250 CAG repeats typically die between 20-24 weeks of age [25] . However, obvious physical indications of the phenotype, other than a failure to gain weight at the same rate as WT mice, are largely absent before 12 weeks of age. It is interesting, therefore, that we could detect cardiac abnormalities (reductions in EDV and ESV) by 13 weeks. We did not measure heart weights in 13 week old mice, but as their body weights were already significantly lower than WT mice, it is reasonable to assume that some cardiac atrophy may be present at this age. The much greater reductions in cardiac parameters (EDV, ESV, SV, CO and EF) in 16 week old R6/2 mice measured from in vivo MRI scans is in accordance with the overall reduction in the size of the heart in these mice, and correlates well with data from the Langendorff preparation. Although a number of our observations may be directly related to heart size, data from the perfused ex vivo hearts (reduced LVDP, impaired myocardial contractility and relaxability, and reduced coronary flow rate) demonstrate that there is also an abnormality of cardiac function. These deficits, combined with the mechanical distortions and adhesions that we detected in MRI scans, suggest that cardiac dysfunction is an important part of the R6/2 phenotype.
The in vivo MRI data revealed a greater bending angle of the left ventricle by 16 weeks of age in R6/2 relative to WT mice. This suggests greater cardiac distortion in HD hearts compared to controls. The significance of this observation is not known, but the reduction in efficiency of the heart beat and the presence of stress markers indicate that it is likely to be deleterious. The heart is enclosed by the pericardium that is attached to the posterior surface of the sternum by sternopericardial ligaments. In R6/2 mice, the heart develops normally, with atrophy beginning only after the animals are around 13 weeks old. The normal crown-rump length of 16 week old R6/2 mice suggests that the atrophied heart is attached to a non-atrophied ribcage. The stress markers were not seen in 13 week old R6/2 or WT mice of either age, so it is possible that they are related to the development of skeletal abnormalities such as lordokyphosis as the disease progresses in R6/2 mice [24] . This may be the cause of the change in LV bending angle that we have observed. We suggest that this is likely to contribute to the inefficiency of the HD mouse heart function as the disease progresses.
Cardiac failure is a major cause of death in HD patients [2] [3] [4] [5] . Here we have demonstrated in vivo cardiac dysfunction in the R6/2 mouse model of HD. These data also add to the body of work demonstrating the usefulness of the R6/2 mouse as a model of HD. We have not attempted to measure cognitive function in this study. However, there is a strong correlation between cardiac failure and cognitive impairment in humans [12] [13] [14] . Furthermore, we have previously demonstrated progressive cognitive decline in R6/2 mice [26] [27] [28] [29] [30] . Thus we hypothesize that chronic heart failure in R6/2 mice may contribute not only to the deterioration in physical condition, but also to the cognitive dysfunction that is a feature of HD. We suggest that heart function in mid to late stage HD patients is worthy of further study.
